Herein, the interaction of hydrogen sulfide with inside and outside single-wall carbon nanotube of (5,0) and (5,5) is investigated using density functional theory at B3LYP/6-31G* level of theory in the gaseous phase by Gaussian 09. The adsorption energies, thermodynamic properties, highest occupied molecular orbital, lowest unoccupied molecular orbital, energy gaps, and partial charges of the interacting atoms are also studied during two kinds of rotation of hydrogen sulfide (H 2 S) molecules as vertical and horizontal to the main axes of the nanotube. For these systems, the binding energy of H 2 S-single-wall carbon nanotubes is low and the process is thermodynamically near-simultaneous.
Background
The discovery of carbon nanotubes (CNTs) has caused considerable interest in many different scientific areas to investigate their physical and mechanical properties toward the development of potential technological applications. It has been demonstrated that theoretical methods and experimental procedures remarkably improve nanotube properties such as stiffness and strength [1] . Carbon nanotubes also have exceptionally high mechanical [2] [3] [4] , electrical [5] [6] [7] [8] , and thermal conductivities [9] [10] [11] as well as high aspect ratio (length/diameter) and low density [12] .
Single-walled carbon nanotube (SWCNT) properties are highly structure-/size-dependent and are influenced by atomic arrangement (chirality), nanotube diameter and length, and morphology or nanostructure. Depending on chirality, carbon nanotubes can either be conducting or semiconducting [13] . Wei et al. [14] demonstrated that multi-walled carbon nanotubes have extraordinarily highcurrent carrying capacity, sustaining current densities greater than 109 A/cm 2 . These novel electrical properties have generated substantial interest in utilizing carbon nanotubes in nanoelectronics [15] .
Sensing gas molecules is crucial for many process control technologies, and advances in chemical and physical sensors continue to get improved sensitivity, lower power consumption, and faster response. There is a strong demand for improved sensitivity, selectivity, stability, and low-power consumption beyond what is offered by commercially available sensors. In order to satisfy this demand, nanotechnologies are employed, providing new materials, devices, and systems with structures and components that can exhibit novel and significantly improved physical and chemical properties because of their nanoscale size [16] . The operation at the room temperature with sensitivity as high as 10 3 , besides their small size, is the main advantage of semiconducting-SWCNT sensors. The fast response of a nanotube sensor can be attributed to the full exposure of the nanotube surface area to chemical environments [17] .
Seo et al. [18] reported the density-functional calculations of NO 2 adsorption on SWCNT. They found that NO 2 adsorption is both energetic-and kinetics-limited and strongly electronic structure and strain dependent. The NO 2 adsorption on metallic nanotubes was energetically more favorable than that on semiconducting nanotubes and, furthermore, the adsorption became less stable with increasing diameters of nanotubes. The diameter dependence of the adsorption energetics and kinetics in the chiral nanotubes are other important parameters in the adsorption process.
The effect of the shape and defect edge of SWCNT on the adsorption of O 2 and N 2 gases on the graphite has been studied theoretically by means of density functional theory coupled with cluster models [19, 20] . The calculated adsorption energy 0.26 and 1.04 kcal/mol for O 2 and N 2 , respectively, physisorbed on the clean basal surface, is in good agreement with the experimental value, suggesting that the one-layer simple cluster model is an effective way to investigate the adsorption of molecular gases on the graphite surface.
The doping effects of B and N on atomic and molecular adsorption of hydrogen in SWCNTs were investigated through density functional theory (DFT) calculations [21] . The results show that the B doping increases the hydrogen atomic adsorption energies both in zigzag and armchair nanotubes and a coordination-like B-H bond forms. The N doping decreases the hydrogen atomic adsorption energies. Humidity-assisted desorption of SO 2 and NO 2 has been experimentally investigated on carbon nanotubes [22] . The results showed that the resisted desorption of SO 2 on carbon nanotubes in dichloroethane solution increases at high humidity level (92%) and no change was observed in low humidity level, while there was also no change in desorption of NO 2 in the different levels of humidity.
There are many literatures about the carbon nanotube sensors as a detector for many much gases; for example, O 2 [23] , NH 3 [17, 24] , NO 2 [25, 26] , and SO 2 [27] ; and the change in electrical conductivity occurs after adsorption of molecules. These sensors have fast response time and high sensitivity to special gas molecules which is very favorable for certain applications [23] .
There has been only few gas nanosensors developed for hydrogen sulfide (H 2 S) detection including a catalytic chemiluminescence sensor made of R-Fe 2 O 3 nanotubes [28] , suppressed electron hopping occurred in gold nanoparticles [29] , and networks made of hybrid polyaniline nanowires and gold nanoparticles [30] . There is little attention to the SWCNTs for this purpose because there is no chemical interaction with H 2 S or other gases that may interfere [31] .
In the previous work, the effective parameters of (5,0) and (5, 5) SWCNTs during the interaction with CO 2 as sensors were determined [32] . The interaction of CO 2 molecules and its rotation around tube axles vertically and parallel to internal and external walls of the nanotubes were studied using Gaussian 03 coding by density functional theory (DFT) at the B3LYP/6-311G level of theory. The carbon dioxide molecule was predicted to bind only weakly to nanotubes, and the tube-molecule interactions can be identified as physisorption. CO 2 adsorption is stronger on the external walls than on internal walls, and adsorption on the external wall of (5,0) is stronger than on the external wall of (5,5); the adsorption energies are exothermic. In the present study, the interaction of hydrogen sulfide with the inside and outside of (5,0) and (5,5) SWCNT is investigated.
Method

Computational method
Single-wall zigzag (5,0) and armchair (5,5) carbon nanotubes are considered. The diameters of the nanotubes are 4 and 6.85 Å, the lengths of the nanotubes are 8.5 and 9.8 Å, respectively, and the average bond length is 1.42 Å. The (5,0) SWCNT containing 50 carbon atoms and 10 hydrogen atoms and the (5,5) SWCNT containing 100 carbon atoms and 20 hydrogen atoms were selected for this purpose. Hydrogen sulfide in the vicinity of internal and external walls of the nanotubes is placed, and these structures are optimized by Gaussian 09 software [33] .
DFT is used to study the structural and electric properties of the tube-molecule systems during adsorption of H 2 S molecule on the SWCNTs. In these cases the calculations are carried out with the B3LYP/6-31G* level of theory [34] . The geometry of all molecules under investigation is determined by optimizing all geometrical variables without any symmetry constraints. All optimization processes were carried out by supercomputer up to 32 processors via 20GB shared memory. The harmonic frequencies are computed from analytical derivatives for all species in order to define the minimum energy structures. Figure 1 shows the optimal structures.
The calculated parameters are the energy interaction of H 2 S with inside and outside wall of SWCNT, E ads , through the following formula:
where E nanotube-H2S is the total energy of the optimized nanotube-H 2 S system, E nanotube is the total energy of the optimized nanotube and E H2S is the total energy of the isolated H 2 S molecule. By this explanation, Eads < 0 The parameters, adsorption energy (E ads ), BSSE, E ads BSSE (in Hartree), HOMO, LUMO, gap energy (in eV), dipole moment, μ, (in Debye), in the adsorption process of H 2 S molecule on the internal and external walls of (5,0) and (5,5) nanotubes, are calculated by B3LYP/6-31G*. BSSE, basis set superposition errors; HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital. corresponds to exothermic adsorption, which leads to a stable structure.
Total zero point energy, total internal energy, and total enthalpy are calculated to the same formula.
Results and discussion
Thermodynamic parameters
The results of the Gaussian output files, after tedious efforts for structure optimization with high-time-consuming thermodynamic parameters related to the electronic structure of (5,0) and (5,5) nanotubes in the presence of H 2 S molecule, in the vicinity of internal and external walls have been listed in Table 1 . Total Gibbs free energy of H 2 S-SWCNT system was calculated for inside and outside of (5,0) are 347.0703, 4.8947, and of (5,5) are 41.7915 and 4.5180 kcal/mol, respectively. Calculated Gibbs free energy shows that H 2 S adsorption process is not thermodynamically favorable. The lowest total zero-point energy, internal energy, and enthalpy relate to the process of H 2 S adsorption on the external wall of (5,0) nanotubes. The lowest Gibbs free energy is achieved during the interaction of H 2 S on the external wall of (5,5) nanotubes. Despite low and positive values of the Gibbs free energies of H 2 S adsorption on the external wall of (5,0) and (5,5) nanotubes, the adsorption energies are negative. It confirms no interaction between H 2 S gas and nanotube [15] . For obtaining more information, the optical properties under rotation of H 2 S molecule and natural bond orbital (NBO) analysis of H 2 S fluid-nanotube systems are studied.
Optical parameters
The effect of both adsorption of H 2 S molecule on the optical parameters of the systems has been listed and compared in Table 2 . The results show that the adsorption on the external is more effective than the internal walls. The adsorption on the internal wall of (5,0) nanotube is the chemical adsorption and on the external wall of (5,0) and internal and external walls of (5,5) nanotubes are the physical adsorption. For these systems, the binding energy of the target gas analytes is low so that the analyte only fast desorbs from the CNTs after the sensor is exposed to an analyte-free atmosphere.
The lowest of energy gap is achieved in the process of H 2 S adsorption on the external wall of (5,5) nanotube. The energy gap is increased after the interaction of H 2 S on the internal and is decreased for external wall of (5,5) and (5,0) nanotubes. The lowest of HOMO and LUMO energies is obtained in the process of the adsorption on the external wall of (5,0) nanotube.
H 2 S rotation on the nanotubes
H 2 S molecule rotation in two kinds of the horizontal and the vertical rotation relative to the axes of nanotubes have been shown in Figure 2 . The effect of the internal and external adsorption of SWCNTs on the adsorption energy has been studied during these rotations at 30°, 60°, 90°, 120°, 150°, and 180°angles. The H 2 S molecule rotations are classified as follows:
1. Rotations 1a and 2a denote the rotations on the inside wall of (5,0) nanotube in the vertical and horizontal directions to the nanotube, respectively. 2. Rotations 1b and 2b indicate the rotations on the outside wall of (5,0) nanotube in the vertical and horizontal direction to the nanotube, respectively. Rotation angle, θ, BSSE corrected adsorption energy, E← ads BSSE (in Hartree), gap energy (in eV), dipole moment, μ, (in Debye), and the difference partial natural charges on S, H 1 , H 2 and C atoms (ΔS, ΔH 1 , ΔH 2 , and ΔC in esu) of the internal (a) and external (b) of (5,0) SWCNT-H 2 S molecule, vertical rotation ( Figure 1 ) and horizontal rotation (Figure 2) calculated by B3LYP/6-31G*. BSSE, basis set superposition errors.
3. Rotations 1c and 2c represent the rotations on the inside wall of (5,5) nanotube in the vertical and horizontal direction to the nanotube, respectively. 4. Rotations 1d and 2d denote the rotations on the outside wall of (5,5) nanotube in the vertical and horizontal direction to the nanotube, respectively.
The origin of rotation angles for 1a, 2a, 1c, 2c, 2b, and 2d rotations is at 90°, and for 1b and 1d rotations is at 0°. The basis set superposition errors (BSSE) have been estimated for the counterpoise correction [35] and their effects on the energy changes during the rotation of H 2 S molecule inside and outside nanotubes have been calculated. This effect is much low for any considerations. It confirms the convenience of the chosen bases set. Based on the calculations, the most adsorption situations of H 2 S is at 90°for 1a, 2a, 2b, 1c, 2c, and 2d rotations and is at 0°for 1b and 1d rotations. The most favorable adsorption distance of H 2 S molecule on the external surface of (5,0) and (5, 5) nanotubes is shown in Figure 3 , where the distances from the external wall are 2.6 and 2.8 Å, respectively.
NBO calculations
Gases absorption often changes the electronic properties of nanotubes. The environmental sensitivity can be useful in the detection of gas and making of gas sensors. Therefore, NBO calculations for all the rotations in order to calculate the charge difference before and after adsorption of H 2 S molecule on nanotubes have been performed. Rotation angle, θ, BSSE corrected adsorption energy, E← ads BSSE (in Hartree), gap energy (in eV), dipole moment, μ, (in Debye), and the difference partial natural charges on S, H 1 , H 2 , and C atoms (ΔS, ΔH 1 , ΔH 2 and ΔC, in esu) of the internal (c) and external (d) of (5,5) SWCNT-H 2 S molecule, vertical rotation (1) and horizontal rotation (2), calculated by B3LYP/6-31G*. BSSE, basis set superposition errors.
The partial charge differences on the interaction of atoms including sulfur atom, hydrogen atoms and nearest carbone atom of interaction zoon of the (5,0) and (5,5) nanotubes in the presence of H 2 S molecule in the vicinity of internal and external walls for all rotations have been shown in Tables 3 and 4 . They represent the change in the electronic structure of nanotube. They can be used as a response of the adsorption in the sensor equipments.
Conclusions
H 2 S molecule adsorption on the internal and external wall of (5,0) nanotube is both chemical and physical adsorption. The absorption on both internal and external walls of (5,5) nanotube is physical absorption. Based on the calculations, the most adsorption situations of H 2 S occur at 90°during the parallel and vertical rotations of the H 2 S molecule to the main axes inside of the nanotube. This situation is the same as the parallel rotation outside of the nanotube. The vertical rotation outside of the nanotube has the most adsorption energy at 0°. The most favorable adsorption distances from the molecule to external of (5,0) and (5,5) SWCNTs are 2.6 and 2.8 Å, respectively. The results of the thermodynamic quantities certifies no simultaneous H 2 S adsorption process, while the NBO analysis shows the change in the electronic structure of nanotubes which may be suitable fabricating sensors in providing an immediate feedback on the environment by SWCNTs. In these sensors, the electrical properties of nanostructures are dramatically changed when exposed to the target gas analytes and the analyte desorbs from the SWCNTs after the sensor is exposed to an analyte-free atmosphere.
